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INTRODUCTION 
Recently we have described an additive-subtractive phase modulated (ASPM) 
scheme which can be adapted to conventional subtractive speckle interferometry setups to 
reduce the noise susceptibility of these inspection tools [1-4]. In particular, these ASPM 
speckle interferometric techniques will freeze out unwanted environmental noise of 
frequencies much higher than video rates. In this study, we provide an experimental 
comparison of four speckle interferometric methods based on their performance under the 
influence of controlled noise. The performance was quantitatively determined using a 
parameter known as visibility which is a measure of the relative contrast between bright and 
dark fringes generated by each method. The four methods compared are conventional 
subtractive ESPI, conventional subtractive shearography, ASPM-ESPI and ASPM-
shearography. All of these speckle techniques were configured for out-of-plane 
displacement or displacement gradient sensitivities. 
EXPERIMENTAL SETUP 
A schematic for the ASPM-ESPI setup is shown in Figure 1; however, the setups 
could be easily reconfigured to run all speckle interferometers under comparison. An argon 
laser (lW output power at a wavelength of 514nm) is used to generate a beam that is 
passed through an acousto-optic modulator which is used as a high-speed optical shutter. 
The beam, in the case for ESPI shown here, is split into two legs (object and reference 
beam) such that the intensity ratio between the legs can be adjusted. The object beam is 
then expanded and scattered from a diffuse object. The object is a 2.5x25x35 cm 
aluminum plate with a 7.5 cm diameter flat-bottomed hole which is acoustically resonated at 
its fundamental mode of approximately 1.2 KHz. The object wavefront is made to interfere 
with an expanded reference beam which can be either speckled or uniform. The resulting 
speckle interference pattern is collected into an RS-170 CCD camera for recording by an 
Imaging Technology series 150 digital image processor which was capable of performing 
image subtraction at 30 Hz. This recorded speckle pattern carries information 
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corresponding to the object surface shape. If a second speckle pattern is then recorded with 
a slightly different surface shape (caused by acoustically stressing the object), it is possible 
to compare the pair of recorded speckle interference patterns to extract information in the 
form of a fringe pattern corresponding to the relative object deformation. An electronic 
synchronization system allowed us to synchronize light pulsation, stressing cycle, phase 
modulation (for ASPM) and CCD camera image framing as required by a desired 
modulation scheme. Speckle decorrelating noise is introduced by translating the object 
between the image acquisitions by a desired amount using a precision screw stage. In our 
experiments, translation increments of 15Jlm were used. 
Conventional subtractive speckle interferometric methods acquire an interference 
image corresponding to say a minimum deformation state of the object in the first or 
reference image which is stored in an image processor. In the following video frames, the 
illumination is changed such that maximum deformation state of the object is acquired 
which is then subtracted from the stored image. The result is displayed on a viewing 
monitor and can be stored in the computer for further image processing such as needed for 
visibility analyses. ASPM speckle interferometric methods acquire speckle interference 
images containing information about the same two deformed object states in every video 
frame coming from the CCD camera [1-4]. In ASPM speckle interferometry it is necessary 
to introduce a phase modulation in one of the interfering beams before acquiring the next 
video frame. The incoming video frame must be subtracted from the stored double-
exposure (additive) speckle interference image to extract visible fringes corresponding to 
the two deformed states of the test object. Furthermore, ASPM speckle interferometry 
requires rapid and cyclic stressing of the object at a rate of at least 30 Hz or higher to be an 
effective noise reduction system. 
EXPERIMENTAL VISIBILITY 
As mentioned earlier, the four techniques were compared on the basis of 
susceptibility to in-plane translation noise as measured through visibility. Fringe visibility 
can be computed for a resultant speckle image using the following expression: 
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Figure 1. Experimental setup for introduction of controlled in-plane translation noise. 
v = ( <Vmax - ( q)min 
( q)rnax + ( q)min (1) 
where qrnax or qrnin is the pixel intensity along a bright or dark displacement fringe contour, 
respectively, and where <> denotes averaging over the ensemble selected by the operator 
performing the image analysis. These ensemble average values can then be used to 
compute the image visibility at any particular stage of translation. In this manner, the effect 
of translation induced noise on visibility can be quantitatively monitored. 
THEORETICAL VISIBILITY 
Theoretical models for the effects of in-plane translation noise on the visibility have 
been previous developed for all four speckle interferometric methods under study here. 
These models begin with defining the speckle field at the object plane just after scattering of 
an incident planar wavefront. By defining the reflected field across the object for all 
positions before translation, the field after translation can be simply determined by 
accounting for the change in position due to the in-plane translation distance d. After 
scattering off the object surface the speckle field diffracts through space to an image lens 
and pupil device. Then, the wavefront further propagates to the image plane of a recording 
device a short distance away. By incorporating the effects of translation, the total 
diffraction process and the optical configuration for each interferometer, the field at image 
plane can be analyzed. 
An important parameter generated from these visibility analyses is called the 
correlation coefficient which is related to the in-plane translation d of the object by [5]: 
(2) 
where A is the area of the imaging lens aperture in real space, f... is the wavelength of the 
source, (I is the distance between the object and the lens pupil, and P(tp) is the pupil 
function with argument given as frequency vector in frequency space ot the pupil. The 
solution to the correlation coefficient for a simple finite circular lens aperture as a function 
of in-plane translation is: 
c = 2J1(ldIDnIAL1) 
(ldlDniAL I) (3) 
where D is the aperture diameter and J 1 is the Bessel function of first order. Note that we 
have purposely normalized the integral over the pupil area in frequency space such that 
when d is zero 'c' will be equal to one. Also, we define a maximum in-plane translation 
distance corresponding to the first zero of the Bessel function given by: 
(4) 
Therefore, when d equals drnax total decorrelation has occured. In figure 2, the 
correlation coefficient is plotted versus dldrnax. From the figure we can see that before 
translation (d equal to zero) c equals one; this corresponds to the speckles in the 
interference pattern of the stored frame overlapping exactly with speckles of the following 
frames. As translation proceeds, c approaches zero according to the Bessel until a point is 
reached where the interference speckles are non-overlapping, i.e. total-decorrelation. 
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Figure 2 - Correlation coefficient versus normalized in-plane translation distance. 
Conventional Subtractive Visibility Owner-Peterson [5] has developed a visibility model 
for the conventional subtractive speckle interferometers based on the noise effects 
described above. His result for conventional ESPI is: 
V- 2c . 
-x(1-c2)+2' (5) 
and his result for conventional shearography is: 
V= 2xc2 ; 
(1 +xf(1-c2)+2xc2 
(6) 
where x is known as the beam intensity ratio which is the ratio of the average intensity of 
the object beam <Ia> to reference beam <Ib> in ESP!. For shearography, x is again the 
beam intensity ratio of the two interfering beams and, practically speaking, this ratio is 
usually kept at unity and is not adjustable. For conventional ESPI and for conventional 
shearography the visibility drops off to zero as c approaches zero (d approaches d max). 
ASPM Visibility Visibility models for the additive-subtractive phase-modulated speckle 
interferometers under the influence of in-plane translation noise have been developed by us 
and are reported elsewhere [6]. The visibility model for ASPM-ESPI is given by: 
V= c+l ; 
x (1 - c2) + c + 1 
(7) 
and for ASPM-shearography it is given by: 
V- x{l +c2) . 
- x{l +c2)+(x2+ 1)(1-c2)' (8) 
As in the conventional cases, ASPM-ESPI visibility can be seen to fall according to 
c whereas for conventional shearography the visibility drops off according to c2. 
However, for ASPM speckle methods, as c approaches zero (d approaches d max) the 
visibility does not go to zero! 
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Figure 3 - Theoretical fringe visibility for the four speckle interferometers. 
The theoretical visibilities for all four speckle interferometers considered here are 
plotted in figure 3. (Note that in these plots the beam intensity ratios were set to one, 
here.) At full-correlation (before translation) all methods yield an ideal visibility of one. It 
can be seen that the conventional methods deviate from unity more quickly than the ASPM 
methods with the onset of translation. In most practical applications, this observation is 
important since most optical NDE inspection systems will be operating somewhere 
between the two extremes of c equal to one (no interframe decorrelation) and of c equal to 
zero (total interframe decorrelation). As described earlier, the visibilities for the 
conventional methods approach zero at total-decorrelation while the visibilities for the 
ASPM-ESPI and ASPM-shearography approach 1/2 and 1/3, respectively. This means 
experimentally that even under conditions of total decorrelation we should expect to see the 
fringe pattern corresponding to a defect. 
Finally, it can be seen that ASPM-ESPI maintains a higher visibility than does 
ASPM-shearography throughout the decorrelation process. This observation corresponds 
nicely with conventional results where ESPI maintains a higher visibility than 
shearography between the two extremes of full-correlation and total-decorrelation. The 
reason for this lies in the fact that the reference wavefronts are unaffected by noise in ESPI 
whereas both object and sheared-object wavefronts are affected by noise in shearography. 
Finally, according to the visibility expression for ASPM-ESPI in particular, it should be 
possible to boost visibility at total decorrelation upto a point by weakening the intensity of 
the object beam. Of course, the object beam cannot be reduced too much because then the 
effect of other factors such as due to electronic noise have to be taken into account [8]. 
EXPERIMENT AL RESULTS 
Experiments were performed in order to determine the performance of only the 
ASPM-ESPI and ASPM-shearography techniques undergoing decorrelation due to in-plane 
translation since the performance of the conventional subtractive techniques is well known 
[5-7]. Using the precision translation stage the object was translated by 15 11m increments 
between image acquistions. Also, it is important to mention that the experimentally induced 
and measured translations were normalized with the maximum in-plane translation distance 
which is dependent on the measured values of aperture size D, object distance L\ and 
source wavelength A in the experimental setup. Using these measured parameters a 
maximum translation distance of 85 11m was computed for total decorrelation. 
The experimental data acquired using ASPM-ESPI is shown in figure 4. Six 
images are shown depicting different stages of translation (0, 15 11m, 30 11m, 45 11m, 60 
11m, 75 11m and 85 11m). The important characteristics are that the onset of translation 
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decreases the defect visibility and the defect information is not lost even at total-
decorrelation. Notably, the vertical in-plane translation fringes are superimposed on the 
defect fringes in a multiplicative manner which does not distort the defect information. 
Furthermore, these fringes, which are purely a result of conventional interframe 
subtraction, do decorrelate. 
The experimental data acquired using ASPM-shearography is shown in figure 5. 
Once more, the six images are shown corresponding to the same increments of translation. 
The major characteristics are again that the onset of translation decreases the defect visibility 
and the defect information is not lost even at total-decorrelation. Different from the 
previous case, however, is that the vertical in-plane translation fringes are not present in 
these images. This is simply because speckle shearing interferometers are only gradient 
sensitive and will not yield global, rigid body displacement information. 
The visibilities from the experimental data shown in figures 4 and 5 for AS PM-
ESPI and ASPM-shearography were computed (using expression (1) above) and are 
plotted in figure 6. These results are compared with the corresponding results from the 
analytical visibility models. As can be seen in this figure, the experimental visibilities of 
ASPM-ESPI and ASPM-shearography never vanish completely as predicted by the 
models, and that the overall shape of the curves in transition from full-correlation to total-
decorrelation are consistent with the models. Error in the extracted visibilities comes from 
the fact that during the experiment some noise contributors other than those from the 
purposely induced in-plane translation cannot be completely eliminated or controlled. The 
effect of this uncontrollable noise is to degrade the quality of the extreme values of the 
fringes which drives the calculated visibility down. Furthermore, the process of digitally 
analyzing and computing the maximum and minimum ensemble averages is not error free. 
As predicted the fringe visibility of ASPM-ESPI and ASPM-shearography at total-
decorrelation is approximately one half and one third, respectively. 
Figure 4 - ASPM-ESPI undergoing in-plane translation. 
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Figure 5 - ASPM-shearography undergoing in-plane translation. 
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Figure 6 - Experimental versus theoretical visibilities. 
CONCLUSIONS 
The results have shown the effectiveness of the additive-subtractive phase-
modulated speckle interferometric technique to supply superior defect information in the 
presence of decorrelating in-plane translation noise when compared with conventional 
methods. In addition, the analytical results of the ASPM techniques undergoing translation 
suggest that if out-of-plane displacement gradient sensitivity is not explicitly necessary, 
then the out-of-plane displacement interferometer should be used. The reasons for this 
conclusion are that ASPM-shearography decorrelates faster under interframe translation 
noise, and that ASPM-ESPI maintains a higher visibility at total-decorrelation. Also, it is 
worth mentioning that ASPM-ESPI visibility even at total interframe decorrelation can be 
boosted by decreasing the beam intensity ratio upto a point. 
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